[1] We reconstruct eustatic variations during the latest Paleocene and earliest Eocene ($58-52 Ma). Dinoflagellate cysts, grain size fractions, and organic biomarkers in marine sections at four sites from three continents indicate an increased distance to the coast during the Paleocene-Eocene thermal maximum (PETM). The same trend is recognized in published records from other sites around the world. Together, the data indicate a eustatic rise during the PETM, beginning 20 to 200 ka before the globally recorded negative carbon isotope excursion (CIE) at $55.5 Ma. Although correlations are tentative, we recognize other global transgressions during Chrons C25n and C24n. The latter may be associated with Eocene Thermal Maximum 2 ($53.5 Ma) or the ''X''-event ($52 Ma). These results suggest a link between global sea level and ''hyperthermal'' intervals, potentially because of the melting of small alpine ice sheets on Antarctica, thermal expansion of seawater, or both. However, the early onset of sea level rise relative to the CIE of the PETM suggests contributions from other mechanisms, perhaps decreasing ocean basin volume, on sea level rise.
Introduction
[2] Earth's surface warmed by about 5°C from the late Paleocene ($59 Ma) through the early Eocene Climatic Optimum (EECO; 52-50 Ma) [Zachos et al., 2001] . Superimposed on this long-term warming trend were at least two hyperthermals (brief (<200 ka) intervals characterized by anomalously high temperatures [Bowen et al., 2006; Sluijs et al., 2007a] (Figure 1) ). The Paleocene-Eocene Thermal Maximum (PETM; $55.5 Ma), the most prominent and best studied, was characterized by a global rise of 5 -8°C [e.g., Kennett and Stott, 1991; Zachos et al., 2003; Sluijs et al., 2006] . A less pronounced hyperthermal occurred at $53.6 Ma referred to as H -1, Eocene Thermal Maximum 2 (ETM2) or ''Elmo'' [Lourens et al., 2005] ; other ones possibly occurred at $53.2 Ma (I -1) and at $52.4 Ma (K or X) [Cramer et al., 2003; Röhl et al., 2005; Nicolo et al., 2007] . These Eocene hyperthermals, both documented (PETM, ETM2) and suspected (I and K) , are marked by prominent negative carbon isotope excursions in sedimentary components and carbonate dissolution in deep-sea sediment records [Lourens et al., 2005; Röhl et al., 2005; Zachos et al., 2005] . These observations are consistent with rapid, massive injections of 13 C-depleted carbon into the ocean-atmosphere system, although the mechanism for such release remains controversial [Dickens et al., 1995; Higgins and Schrag, 2006; Sluijs et al., 2007a] .
[3] The character of global sea level change (or eustacy) during the late Paleocene and early Eocene has direct relevance to the origin of hyperthermals. Two proposed causes for the hyperthermals (oxidation of organic matter in subaerially exposed marine deposits [Higgins and Schrag, 2006] ; release of microbially derived methane from the shelf [Schmitz et al., 2004] ) invoke a significant drop in sea level. A third proposed cause, mantle plume initiated volcanism in the north Atlantic [Svensen et al., 2004] , should have caused a rise. Constraints on the rate, magnitude and timing of sea level change are key to testing these hypotheses.
[4] Early Cenozoic warmth at high latitudes would have precluded development of large continental ice sheets [e.g., DeConto and Pollard, 2003] . Indeed, the unusually low oxygen isotopic ratios of late Paleocene-early Eocene benthic foraminiferal calcite (0 -1%) suggest little ice, even after accounting for warm bottom water temperatures [Miller et al., 1987; Zachos et al., 2001] . With limited continental ice and average deep ocean temperatures of 8 -15°C, early Paleogene sea level should have been 70-80 m higher than present-day, assuming a similar volume for the overall ocean basin, or upward of 120 m higher than present-day, if this volume was significantly smaller [Müller et al., 2008] . However, small ice sheets may have existed on elevated regions of Antarctica throughout the early Paleogene, and these could have contributed to low-amplitude sea level variations [Miller et al., 1998a; Speijer and Wagner, 2002; DeConto and Pollard, 2003; Miller et al., 2005b] . Thermal expansion and contraction of ocean water may also have affected sea level by several meters given the temperaturedensity relationship of seawater (1.9 Á 10 À4 m 3 /°T). Although refuting certain causes for the hyperthermals, longterm and short-term highs in sea level, albeit of low amplitude, might coincide with the temperature extremes of the EECO and hyperthermals, respectively.
[5] The timing and amplitude of early Cenozoic sea level variations can be assessed through analyses of sedimentary packages deposited on continental margins (i.e., sequence stratigraphy) Vail et al., 1977; Haq et al., 1987] . During a sea level cycle, the sediment depocenter as well as grain size and composition of the sediments varies. During lowstands, accommodation space may be too small on the shelf to accumulate sediments. During highstands, thick sequences may accumulate with sufficient terrigenous sediment influx, and the grain size and composition of the sediments is then dependent on the distance to the source of sediment input Miller et al., 1998a] . On the basis of sequences from continental slopes, early work suggested that late Paleocene and early Eocene sea level fluctuated between 50 and 220 m higher than at present [Haq et al., 1987] . This work also inferred large amplitude variations on short time intervals (<10 6 a), including a 40 m drop near the Paleocene-Eocene Boundary (Figure 1 ). More recent work, especially on the New Jersey margin, has included ''backstripping'', which accounts for sediment compaction and loading [Kominz et al., 1998; Miller et al., 1998a; van Sickel et al., 2004; Miller et al., 2005a] . In general, these studies indicate that sea level was 70-140 m higher during the late Paleocene and early Eocene than at present. Third-order sea level cycles, with durations of hundreds of thousands to a few million years, have also been inferred and argued to represent eustatic variations [e.g., Haq et al., 1987; Speijer and Wagner, 2002; Miller et al., 2005a] (Figure 1) .
[6] Although recent sea level curves [Miller et al., 2005a ] are closer to general expectations [Müller et al., 2008] , some key uncertainties still exist, particularly regarding higher-order cycles. First, peak Cenozoic sea level appears to occur >1 Ma before the EECO and maximum Cenozoic temperatures (Figure 1 ). Second, given the low temporal resolution of the curves, it is not clear whether some of the sea level highs correspond to hyperthermals. In most cases, the sequences underlying the sea level reconstructions have not been directly calibrated to the PETM, ETM-2 and other suspected hyperthermals using carbon isotope stratigraphy. In the few cases where such stratigraphy exists, the magnitude and direction of the sea level change has been controversial. In particular, some authors Schmitz and Pujalte, 2003; Schmitz et al., 2004] have argued that lithological changes across the PETM support a major sea level fall, whereas in other cases microfossil and geochemical data has been used to suggest the opposite trend . One recently acknowledged problem is that sediment supply to continental margins varied significantly during the early Paleogene, especially across the hyperthermals [e.g., Nicolo et al., 2007; Sluijs et al., 2008] (Figure 2 ), and this could influence stratigraphic interpretations Steckler et al., 1988] .
[7] Here, we address eustacy through the late Paleocene and early Eocene, particularly during the PETM, by exam- 18 O values compiled by Zachos et al. [2001] complemented with the Cibicidoides data for ETM2 from Lourens et al. [2005] . An additional correction of À0.25 % was applied to the Eocene Thermal Maximum 2 (ETM2) Cibicidoides values to synchronize baseline levels between the records. Black line is a fivepoint moving average. Temperature scale is based on the assumption that no continental ice prevailed. Sea level curves are from Haq et al. [1987] , Miller et al. [2005a] , Kominz et al. [2008] , and Müller et al. [2008] . Müller et al. [2008] represents variations in ocean basin volume in meters of sea level assuming no ice sheets and a constant volume of ocean water. EECO, early Eocene Climatic Optimum (52 -50 Ma [Zachos et al., 2001] ); PETM, Paleocene-Eocene Thermal Maximum; VPDB, Vienna Pee Dee Belemnite.
ining variations in sedimentary components from sites located on past margins of several ocean basins. In general, the chosen components, including dinoflagellate cysts (dinocysts), influx of terrestrial organic matter and grain size, are proxies for distance to the coast.
Sea Level Indicators
[8] Sedimentary components often change across modern shelves in relation to coastal proximity. Physio-chemical parameters vary greatly across the shelf and upper slope because of numerous factors, including upwelling, freshwater and nutrient discharge from rivers, and turbidity. With a rise (or fall) in sea level, therefore, sedimentary components at a specific site might become more characteristic of offshore (or inshore) settings and serve as a means to reconstruct water depth. For example, the distribution of benthic foraminifera and ostracodes as well as the relative abundance of planktonic versus benthic foraminifera have been used to study late Paleocene and early Eocene sea level variations along northern Africa [Speijer and Schmitz, 1998; Speijer and Morsi, 2002; Speijer and Wagner, 2002] . Along with eustacy, however, such records may be influenced by local changes in water depth. To elucidate eustatic variations, independent proxies should be examined at multiple sections along widely separated continental margins.
[9] Organic dinoflagellate cysts (dinocysts) are produced by dinoflagellates for the dormant stage of their life cycle and behave as silt-sized sedimentary particles [Fensome et al., 1996] . The dinoflagellates that make the cysts inhabit surface waters, dominantly in marginal marine settings [Wall et al., 1977; Bradford and Wall, 1984; Fensome et al., 1996] . The nearshore setting is also where dinocyst preservation is best because shallow sediments are often reduced. Individual species are very sensitive to differences in surface water properties [Taylor, 1987; Dale, 1996] . Consequently, dinocyst assemblages exhibit systematic variation across the seafloor from the coast to open water [Wall et al., 1977; Harland, 1983; Bradford and Wall, 1984; Marret and Zonneveld, 2003] . This inshore-offshore variance has been documented in sediment deposited across continental margins of the past, including the Paleogene when shelf areas were more expansive than at present [Köthe, 1990; Brinkhuis, 1994; Pross and Brinkhuis, 2005] . Dinocyst assemblage records have also been employed to reconstruct the relative influence of near shore and offshore waters, and thereby sea level fluctuations, throughout the Cenozoic [Brinkhuis, 1994; Powell et al., 1996 ; Röhl et al., Figure 2 . Location of the studied sites within a paleogeographic reconstruction of the Earth at PETM times; modified from Scotese and Golanka [1992] . Stars indicate locations from which new data are presented. Circles indicate marginal marine PETM sites with published information on late Paleoceneearly Eocene sea level (SL). Symbols filled with stripes indicate marginal marine sites for which published information has indicated an increase in terrigenous sediment supply (TS) during the PETM or other hyperthermals. Increase in terrigenous sediment supply for Bass River and Wilson Lake is from Sluijs et al. [2007b] and John et al. [2008] . Numbers refer to the following sites: site 1, Lomonosov Ridge, Arctic Ocean (SL, TS ); site 2, Doel, North Sea (SL [Steurbaut et al., 2003] ); site 3, Basque Region, Bay of Biscay (SL, TS Pujalte and Schmitz, 2006] ); site 4, Forada, Central Northern Tethys (TS [Giusberti et al., 2007] ); site 5, Turgay Straight (SL [Iakovleva et al., 2001] ); site 6, Lodo Formation, California (SL [John et al., 2008] ); site 7, Gebel Duwi, Central Southern Tethys (SL [Speijer and Morsi, 2002] ); site 8, Tawanui, Southwestern Pacific (TS [Crouch et al., 2003b] , SL [Crouch and Brinkhuis, 2005] ); and site 9, Clarence River Valley, Southwestern Pacific (TS PETM [Hollis et al., 2005] , TS other presumed hyperthermals [Nicolo et al., 2007] ).
2004; Pross and Brinkhuis, 2005; Sluijs et al., 2005; Torricelli et al., 2006] , including the late Paleocene and early Eocene [Powell et al., 1996; Bujak and Brinkhuis, 1998; Crouch and Brinkhuis, 2005] . High-resolution dinocystbased sea level records across hyperthermals, however, have been limited to New Zealand [Crouch and Brinkhuis, 2005] , and the North Sea [Powell et al., 1996] . These studies did not examine other independent proxies to confirm results.
[10] There are other means to assess variations in coastal proximity. One is the relative abundance of terrestrially derived palynomorphs (pollen and spores), which are dominantly supplied by rivers. Generally, the relative abundances of terrestrial palynomorphs increase closer to shore. Another is the Branched and Isoprenoid Tetraether (BIT) index [Hopmans et al., 2004] . This measures the relative amount of terrestrially derived branched tetraether lipids, relative to marine-derived isoprenoid tetraether lipids. Hence, as with terrestrial palynomorphs, the BIT index should increase closer to the coast [Hopmans et al., 2004] . Finally, large grains are deposited closer to shore than small grains when they are transported from land to the ocean. The size fraction >63 mm (wt. % sand) thus provides another means of identifying sequence boundaries. It should be noted that all these proxies are also influenced by variations in river runoff.
3. Sites and Samples 3.1. Bass River and Wilson Lake, New Jersey Shelf
[11] Ocean Drilling Program Leg 174AX Site ''Bass River'' [Miller et al., 1998b] and United States Geological Survey (USGS) borehole ''Wilson Lake'' are located in southern New Jersey (United States). Cores from both sites contain upper Paleocene-lower Eocene sediments deposited on a broad continental shelf (Figure 2 ) [Gibson et al., 1993] , perhaps as far south as $27°N [Kopp et al., 2007] . Average paleowater depth at Bass River has been estimated at $150 m, on the basis of benthic foraminifer assemblages [van Sickel et al., 2004] . At Wilson Lake, late Paleoceneearly Eocene water depth was probably similar to that at the nearby Ancora section, which was $50 m on the basis of benthic foraminifer assemblages [van Sickel et al., 2004] . Even though Cenozoic subsidence of New Jersey has been underestimated in backstripping studies [Müller et al., 2008] , regional tectonics should have had minor influence on sea level variations in the late Paleocene-early Eocene, with subsidence primarily controlled by simple lithospheric cooling, compaction and loading [Miller, 1997; Miller et al., 1998b Miller et al., , 2004 . Consequently, sediment deposition across the shelf and at these sites should have been influenced by changes in eustacy.
[12] The age models at Bass River and Wilson Lake are based on calcareous nannofossil biostratigraphy, and identification of the carbon isotope excursion (CIE) [Cramer et al., 1999; Sluijs et al., 2007b] (Figure 3 ). Additionally, paleomagnetic analyses have been carried out at Bass River [Cramer et al., 1999] . At Bass River, a relatively complete uppermost Paleocene is present between $375 and 357.3 meters below surface (mbs). The Chron C25n-C24r boundary was defined with data having poor demagnetization patterns [Cramer et al., 1999] , so that its location could be in error by several meters. Still, the brief Chron C25n ($0.5 Ma; ) appears expanded relative to the very long and condensed interval between the onset of C24n and the CIE ($1.3 Ma) ( Figure 3 ). The CIE has been identified between 357.3 and $347 mbs from d 13 C records on multiple carbon bearing phases [Cramer et al., 1999; Sluijs et al., 2007b; John et al., 2008] . At Wilson Lake (Figure 4 ), the CIE has been identified between $110.0 and $96 mbs from d 13 C records on multiple carbon bearing phases Zachos et al., 2006; Sluijs et al., 2007b] .
[13] At both Bass River and Wilson Lake, the CIE spans a clay-rich interval that overlies an uppermost Paleocene glauconite-rich sandy unit. At both sites, the upper part of the PETM is truncated by an unconformity associated with a glauconite-rich sand unit [Cramer et al., 1999; Gibbs et al., 2006] . Sediments above this sequence boundary are placed within Chron C24n, $2 Ma younger than the PETM [Lourens et al., 2005; Westerhold et al., 2007] , on the basis of nannofossil biostratigraphy and magnetostratigraphy [Cramer et al., 1999; Gibbs et al., 2006] .
[14] Using the stratigraphic thickness of the CIE and its estimated duration of $170 ka Sluijs et al., 2007a; Abdul Aziz et al., 2008] , average sedimentation rates can be calculated for both New Jersey sites. At Bass River, the first $100 ka of the PETM (the upper part is truncated in the overlaying sequence boundary) is represented in $10 m of section between 357 and 347 m [Sluijs et al., 2007b] , implying sedimentation rates of $10 cm/ka. Using a similar approach, sedimentation rates across the PETM at Wilson Lake (110À96 m) have been estimated at 8.4 cm/ka . Sedimentation rates for the underlying glauconite-rich unit were much lower, perhaps one order of magnitude [Sluijs et al., 2007b] . The above estimates represent average sedimentation rates, which may have varied substantially around the CIE, especially if sea level varied. Delfstoffen, 1918] were identified using dinocyst biostratigraphy [Munsterman, 2004] (Figure 5a ). The occurrence of the taxon Apectodinium augustum, which is diagnostic for the PETM [Bujak and Brinkhuis, 1998; Steurbaut et al., 2003; Sluijs et al., 2007b] , marks the location of the PETM between 626 and 610 mbs.
Kumara-2, New Zealand
[16] The Kumara-2 core was drilled on the west coast of South Island $15 km south of Greymouth. In the lower 50 m of core, between 1750 and 1700 mbs, Paleocene and Eocene sandstones, mudstones and coals [Raine, 1984; Carter et al., 1986] with abundant but highly variable organic matter contents were recovered . Most of the rocks are terrestrial, originally deposited in backswamp, overbank and channel environments, however, marine sediments deposited on the shelf are recognized from $1739 to 1734 mbs [Carter et al., 1986] .
Methods

Palynological Methods 4.1.1. Processing
[17] Palynological processing of samples from the New Jersey and Woensdrecht sites was performed using standard methods based on HCl and HF treatment of the samples [cf. Sluijs et al., 2003] . Processing techniques of samples from Kumara-2 were similar to those described above but used slightly different concentrations of acid and a narrower mesh sieve [Crouch et al., 2003b] . The slight differences in processing should not have biased the resulting assemblages. We follow the dinocyst taxonomy of Fensome and Williams [2004] .
Dinocysts as Indicators of Coastal Proximity
[18] Cyst-forming dinoflagellates dominantly comprise two types since the Triassic: the Gonyaulacales and the Peridiniales [Fensome and Williams, 2004] . Following previous studies that use dinocyst assemblages to reconstruct changes in proximity to the coast [e.g., Brinkhuis, 1994; Pross and Brinkhuis, 2005; Sluijs et al., 2005] , we use the relative abundance of Gonyaulacoid dinocyst taxa. The distribution of Peridinioid dinoflagellates is less sensitive to coastal proximity, as they are relatively euryhaline and react predominantly to changes in food supply [e.g., Harland, 1973; Dale, 1996] . In our samples, the Gonyaulacoid fraction is dominated by the Areoligera complex (cpx) and the Spiniferites cpx. Areoligera cpx has high relative abundances in inner neritic environments, whereas Spiniferites cpx. has higher relative abundances in outer neritic environments [Brinkhuis, 1994; Marret and Zonneveld, 2003; Pross and Brinkhuis, 2005; Torricelli et al., 2006] . We use the S/A index (Spiniferites/(Spiniferites + Areoligera)) to quantify the abundances of the two complexes, with the assumption that low S/A represents an inner neritic setting, while high S/A indicates an outer neritic setting. Although Spiniferites abundance varies in our records, most fluctuations in the S/A index are due to variations in Areoligera abundance. In addition, we use the abundance of members of the Goniodomaceae family, here represented by Eocladopyxis and Polysphaeridium spp. These taxa are tolerant to highly variable salinities and are mainly recorded in lagoons and coastal margins [Bradford and Wall, 1984; Brinkhuis, 1994; Reichart et al., 2004; Pross and Brinkhuis, 2005] .
Organic Geochemistry 4.2.1. Stable Carbon Isotopes
[19] For stable carbon isotope analyses on total organic carbon (d 13 C TOC ), samples from the Woensdrecht core were freeze dried, powdered and analyzed with a Fison NA 1500 CNS analyzer coupled to a Finnigan Delta Plus mass spectrometer. Analytical precision and accuracy were determined by replicate analyses and by comparison with international and in-house standards, and were better than 0.1% and 0.1%, respectively.
[20] For C 29 n-alkane carbon isotope (d 13 C n-C29 ) values, samples from Kumara-2 were washed with methanol, freeze dried and powdered. Powders were extracted using a Soxhlet apparatus for 24 hours using dichloromethane/ methanol (2:1 v/v) as the organic solvent. Extracts were separated using an aminopropyl column by elution with DCM/isopropanol (3:1 v/v) and 2% (by volume) acetic acid in diethyl ether, to yield the neutral and acid fractions, respectively. Neutral fractions were further separated by an Al 2 O 3 column, using hexane/DCM (9:1) and DCM/methanol (1:2) to yield the apolar and polar fractions, respectively. d 13 C n-C29 values were obtained from the apolar fraction using a Varian 3400 GC coupled to a Finnigan MAT Delta-S IRMS via an extensively modified Finnigan MAT Type I combustion interface.
[21] Carbon isotope values are reported relative to the Vienna Pee Dee Belemnite (VPDB) standard.
BIT Index
[22] For the Wilson Lake and Bass River cores, we generated BIT index data. Powdered and freeze-dried sediments ($20 g dry mass) were extracted with DCM/ methanol (9:1) by using a Dionex ASE. The extracts were separated by Al 2 O 3 column chromatography using hexane/ DCM (9:1) and DCM/methanol (1:1) to yield the apolar and polar fractions, respectively. Polar fractions were filtered and analyzed using high-performance liquid chromatography/atmospheric pressure chemical ionization-mass spectrometry. Single ion monitoring was used to quantify the abundances of glycerol dialkyl glycerol tetraether (GDGT) lipids, used to calculate the BIT index. See Hopmans et al. [2004] for a more extensive description of the methods. Steurbaut et al. [2003] . Dinocyst zones are adapted from Powell [1992] and Powell et al. [1996] . Ama, Alisocysta margarita zone; Aau, Apectodinium augustum zone; Gor, Glaphyrocysta ornata zone.
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SLUIJS ET AL.: PALEOCENE-EOCENE EUSTATIC VARIATIONS cysts outnumber other palynomorphs, and among them, Apectodinium, Areoligera and Spiniferites spp. are most abundant. In addition, representatives of peridinioid genera such as Senegalinium spp. are abundant over short intervals [Sluijs et al., 2007b] . Terrestrial palynomorph abundances are low (<1%) and were not analyzed to significant numbers. BIT index values are generally low, but show reproducible fluctuations.
[24] At Bass River, an increase in the S/A index, within Chron C25n at 370 mbs, points to a greater distance between the site and the coast (Figure 3) . The same interval is marked by a decreasing amount of sand, which comprises reworked glauconite in this part of the section [Cramer et al., 1999] . Both observations suggest transgression. The interval between the top of Chron C25n and the CIE ($367À357 mbs) spans $1.3 Ma . This implies sedimentation rates of less than 1 cm/ ka, much lower than those of typical neritic sites or for the overlying PETM interval. Hence, this interval represents an extremely condensed section, and/or has a hiatus near the base [Liu et al., 1997] . We infer a third-order sequence boundary at $366 mbs, where there is a major decrease in the S/A index and an onset of lagoonal dinocysts (Figure 3 ). This interval, however, is not accompanied by a sharp break in lithology, but this could be explained by extensive bioturbation. Detailed biostratigraphic constraints are not available to estimate the duration of the hiatus associated with the sequence boundary, but considering the thin interval spanning Chron C24r below the CIE, it may be in the order of several hundreds of thousands of years. During the subsequent transgressive systems tract (TST; starting at $366 mbs), which has been identified previously on the basis of lithological properties such as increasing grainsize (Figure 3) [Liu et al., 1997; Cramer et al., 1999] , the BIT index gradually decreases while the S/A index gradually increases.
[25] The S/A index increases significantly between $359 and 355 mbs at Bass River (Figure 3 ). In addition, the % lagoonal taxa and wt. % sand decreases (the sand again composed mostly of reworked glauconite [Cramer et al., 1999] ) and the BIT index is low. Together, these observations suggest a drop in energy levels and a decrease in the supply of terrestrial organic carbon; they are consistent with a transgression. The onset of this transgression occurred even prior to the beginning of PETM-related warming at $357.5 mbs just below the CIE [Sluijs et al., 2007b] . We place the maximum flooding surface (mfs) at $355 mbs, where the S/A index is at a maximum, and the wt. % sand and BIT index are at minima. This interval coincides with the uppermost occurrence of glauconite grains within this sequence [Cramer et al., 1999] . Our interpretations imply that transgression began $2m below and the maximum flooding occurred $1m above the onset of the CIE. Assuming sedimentation rates of between 1 and 10 cm/ka, the transgression initiated $20-200 ka before the CIE and continued for $10 ka after the onset of the CIE. Importantly, the coastline migrated farther away from the site during the PETM, even though sediment supply to the New Jersey Shelf increased tremendously [Sluijs et al., 2007b; John et al., 2008] .
[26] A sea level fall during the upper part of the CIE is suggested by higher BIT values, but not by variations in dinocyst assemblages or the amount of coarse sediment. However, a sequence boundary clearly truncates the upper bound of the PETM at $347 mbs [Cramer et al., 1999] . Sediments overlying this sequence boundary accumulated during a younger transgression, as they occur within Chron C24n [Cramer et al., 1999] and contain dinocysts, such as the genus Wetzeliella, that originated close to ETM2 [HeilmannClausen, 1985; Powell et al., 1996; Bujak and Brinkhuis, 1998 ].
[27] Near the base of the Wilson Lake section (Figure 4) , the S/A index increases while % lagoonal taxa, wt. % sand and BIT values decrease. We again interpret these changes as signifying a transgression. This transgression begins $1.5 m below the onset of the CIE, although the step in carbon isotope composition is less defined at Wilson Lake than at Bass River (Figure 4) . We infer the mfs to correspond to the maximum in S/A index, and minima in wt. % sand and BIT index, which are found $80 cm above the onset of the CIE (Figure 4 ). Assuming sedimentation rates of 1 to 8.4 cm/ka immediately before and during the PETM , the transgression again started $20-200 ka before the CIE, and maximum flooding again occurred $10 ka after the onset of the CIE. The overall pattern of sea level change at Wilson Lake, hence, mimics that recorded at Bass River, with the shoreline migrating inland even as the sediment supply increased.
[28] In the Wilson Lake section, a sequence boundary is noted at $96.5 mbs. Similar to Bass River, sediments overlying this sequence boundary mark a younger transgression and contain the dinocyst genus Wetzeliella, indicating an upper Chron C24r or Chron C24n age [Heilmann-Clausen, 1985; Powell et al., 1996; Bujak and Brinkhuis, 1998 ], consistent with previous age assessments .
Woensdrecht, Southeastern North Sea
[29] Upper Paleocene-lower Eocene strata in the Woensdrecht borehole (Figure 5a ) can be dated using available dinocyst biostratigraphy [Munsterman, 2004] and the dinocyst biostratigraphic framework for the North Sea [e.g., Bujak and Mudge, 1994; Powell et al., 1996] . Sediment between $650À626 mbs was deposited during the late Paleocene Alisocysta margarita Zone [Powell, 1992] , as A. margarita is consistently present and Areoligera gippingensis abundant. Moreover, the LO of A. gippingensis at 626 mbs corresponds to upper Nannofossil Zone NP6 (early Thanetian at $58 Ma) throughout the North Sea [Bujak and Mudge, 1994; Powell et al., 1996] . However, sediments between $624 and 610 mbs contain abundant Apectodinium spp., including A. augustum, which characterize the PETM in many Northern Hemisphere sections [Bujak and Brinkhuis, 1998; Steurbaut et al., 2003; Sluijs, 2006] . Hence, these sediments were deposited during the PETM, an interpretation corroborated by a $5% negative step in d 13 C TOC from À23% to À28% at $624 mbs (Figure 5a) . A sandstone unit between 609À604 mbs does not contain palynomorphs, but dinocyst assemblages just above are also dominated by Apectodinium. A. augustum is not found, and the d 13 C TOC of $25% is much higher than for the PETM, indicating that this interval was deposited after the PETM. At $595 mbs, PA4216 SLUIJS ET AL.: PALEOCENE-EOCENE EUSTATIC VARIATIONS taxa such as Wetzeliella articulata, W. meckelfeldensis, Dracodinium pachydermum and D. varielongitudum are recorded; these taxa originated at least 1.5 Ma after the PETM [Powell et al., 1996; Bujak and Brinkhuis, 1998 ]. Given this timing, it is possible that the $1% negative step at 604 mbs ( Figure 5a ) along with abundant Apectodinium, indicates ETM2 or the X-event, although further age constraints are required to confirm which one, if either, is present in the section.
[30] The unconformities between sedimentary units in the Woensdrecht section preclude accurate sedimentation rate calculations. Nevertheless, a basic depositional history can be reconstructed. Sediment was deposited in shallow marine water during the early Thanetian and again during the PETM (Figure 5a ). The $2.5 Ma intervening hiatus represents a time of nondeposition or erosion, probably during a phase of low sea level. Thus, sedimentation at this site resumed during the PETM. The overall sequence stratigraphy appears similar to that of the adjacent section at Doel [Steurbaut et al., 2003 ] (see below (Figure 5b) ). Similar to the New Jersey sites, the upper bound of the PETM at Woensdrecht is truncated by a sandstone unit that marks a sequence boundary (Figure 5a ). This may represent the transgressive sands of the subsequent transgression, which, according to the age model, occurred at least 1.5 Ma after the PETM, perhaps at the time of ETM2 or the X-event.
Kumara-2
[31] Palynomorph assemblages from the Kumara-2 cores are well preserved and diverse throughout the interval examined, apart from a $10m interval of coarse channel fill sands between 1734 and 1724 mbs (Figure 6 ). Generally, sediment samples only contain terrestrial palynomorphs, implying deposition on land. Between $1738 and $1733.5 mbs, however, marine dinocysts compose up to 31% of the total palynomorph assemblage ( Figure 6 ). Up to 54% of the dinocyst assemblage are Apectodinium [Kennedy et al., 2006] , although not A. augustum, which in the Southern Hemisphere has only been reported from offshore Brazil [Ferreira et al., 2006] . Other dinocyst taxa include Spiniferites, Fibrocysta, Operculodinium and Kenleyia. Moreover, pollen of angiosperm taxa associated with thermophilic conditions, such as Cupanieidites orthoteichus and Spinizonocolpites prominatus, appear at $1738 mbs .
[32] Pollen of thermophilic angiosperm taxa (e.g., Cupanieidites orthoteichus and Spinizonocolpites prominatus) first occur at $1738 mbs . These occurrences are regionally correlated to the base of the New Zealand Waipawan Stage [Raine, 1984; Morgans et al., 2004] , equivalent to the base of the Eocene [Hancock et al., 2003] . With the present sample resolution, the beginning of marine sediments corresponds to a $4% negative shift in the d 13 C n-C29 , which we ascribe to the CIE ( Figure 6 ).
[33] The CIE spans a $6 -7 m interval ($1739 to 1732.5 m) of marine sediment, which indicates transgression during the PETM (Figure 6 ). The termination the CIE is a sharp return to near preexcursion values and coincides with the uppermost occurrence of marine sediments. This culmination suggests that the upper part of the CIE is missing and precludes good estimates of sedimentation rates. With the current resolution, we cannot state whether the transgression was concomitant with the CIE. Nevertheless, on the basis of the peak abundance of marine palynomorphs, we place the MFS just below the most negative d
13 C values of the PETM. [Steurbaut et al., 2003] . The two sequences are very similar [Steurbaut et al., 2003] , and for brevity we only discuss the one at Doel (Figure 5b) .
Comparable Records at
[35] Sediments between 473 and 470 mbs represent the Grandglise Sand Member, which has been dated as early Thanetian ($58 Ma), on the basis of the presence of nannofossil taxa Heliolithus riedelii and Hornibrookina arca (NP8) and the recognition of the Alisocysta margarita dinocyst Zone [Steurbaut, 1998 ]. An erosive surface is present at 473 mbs [Steurbaut, 1998] . Sediments above this surface, composed of clay and silt, were deposited during the PETM, on the basis of the presence of Apectodinium augustum and a $5% negative CIE in d 13 C TOC [Steurbaut et al., 2003] (Figure 5b ). Similar to the cores from Woendrecht, this implies a $2.5 Ma hiatus below the PETM. The remainder of the section has poor age control, apart from the termination of the PETM; at $453 mbs, there is a $1.5% C TOC , which coincides with the LO of A. augustum. The first occurrence of Wetzeliella astra at $443 mbs [Steurbaut et al., 2003] suggests an age at least 1.5 Ma younger than the PETM.
[36] Similar sequences, with a hiatus between the early Thanetian and the PETM, have been recognized in sections along southeastern Great Britain [Powell et al., 1996; Bujak and Brinkhuis, 1998; Payne et al., 2005] . The uppermost Paleocene hiatus would be difficult to explain by reduced sediment supply at all these sites. More likely, it represents erosion during relatively low sea level. This is supported by the erosive surface that typifies the top of the Grandglise Sand Member in the Dutch and Belgian sections [Steurbaut, 1998 ]. The resumption of marine sedimentation during the PETM, therefore, suggests a marine incursion.
Lomonosov Ridge, Central Arctic Ocean
[37] Uppermost Paleocene-lowermost Eocene sediments on Lomonosov Ridge were deposited on the shelf close to land, as indicated by high abundances of terrestrial components, including plant remains and large spores [Backman et al., 2006; Sluijs et al., 2006 Sluijs et al., , 2008 . Cenozoic marine sedimentation at this site commenced at least 1 Ma prior to the PETM [Backman et al., 2006] . The PETM was identified on the basis of the CIE in d 13 C TOC and the occurrence of A. augustum .
[38] Dinocyst assemblages through the PETM are dominated by Peridinioid taxa (Figure 7 ), which reflect low salinities and eutrophic conditions . In fact, salinities in the Arctic Ocean appear to have been sufficiently low during the PETM that Gonyaulacoid taxa, such as Spiniferites and Areoligera, are quite rare . For this reason, variations in proximity to the coast are difficult to extract from dinocyst assemblages.
[39] Late Paleocene through earliest Eocene palynological assemblages at Lomonosov Ridge often yield >90% terrestrial palynomorphs (spores and pollen). However, during the PETM, the relative abundance of terrestrial palynomorphs drops (Figure 7 ) . The abundance of Taxodiaceae pollen and Osmundaceae spores also declines (Figure 7 ). These relatively large palynomorphs do not disperse easily. Their absence in sediments across the PETM suggests that the site was then located far from shore. Additionally, BIT values drop and Rock Eval Hydrogen Index rises across the PETM [Sluijs et al., 2006] . This also suggests a decline in the relative amount of terrestrial organic matter because of a greater distance from shore . One might suggest a decrease in river inputs and the supply of terrestrial material. However, organic geochemical and dinocyst assemblage evidence point to decreased salinity, enhanced surface water stratification, and elevated siliciclastic sedi- An upper Paleocene to lower Eocene section is exposed along Tawanui River in the North Island [Kaiho et al., 1996] (Figure 8 ). The section was deposited on a continental slope in upper middle bathyal water depths based on benthic foraminifer assemblages [Kaiho et al., 1996] . However, high abundances of terrestrial components indicate the site must have been proximal to the coastline [Kaiho et al., 1996; Crouch et al., 2003b] . The Tawanui section yields rich palynological assemblages, which include marine and terrestrial palynomorphs [Crouch et al., 2003b; Crouch and Brinkhuis, 2005] . Dinocysts characteristic of neritic settings are present, but these were likely transported off the shelf [Crouch et al., 2003b] .
[41] The PETM is marked by a prominent CIE in multiple carbon-bearing phases [Kaiho et al., 1996; Crouch et al., 2001; Crouch and Visscher, 2003] (Figure 8 ). This interval has a significant increase in the amounts of terrestrial palynomorphs, terrestrial organic carbon, and terrigenous minerals [Crouch et al., 2001 [Crouch et al., , 2003b . These patterns suggest increased delivery of continental material during the PETM, similar to inferences made elsewhere (Figure 2) . Nonetheless, a rise in sea level is also indicated, on the basis of increased abundances of the open marine members of the dinocyst genus Operculodinium spp. [Crouch and Brinkhuis, 2005] . A high in the S/A index across the PETM (Figure 8) further supports a sea level rise, because it implies that the source of Areoligera cpx moved away from the site.
[42] One could argue that the transient decrease in the S/A index just above the onset of the CIE reflects sea level lowering. However, this interval represents a glauconite-rich layer that represents redeposited shelf material [Kaiho et al., 1996] . The decrease in S/A index is consistent with that interpretation.
Eustatic Rise During the Paleocene-Eocene Thermal Maximum
[43] Palynological and organic biomarker records indicate that the coastline moved landward from multiple marine locations across the globe during the PETM. At several of these sites, this transgression occurred despite increasing sediment supply from the continents, which would normally lead to basin fill and relative sea level fall. Collectively, the evidence points to a eustatic rise, which at least in the New Jersey sections initiated prior to the CIE and has its MFS within the CIE (Figure 9 ). The sea level rise corresponds to a package of sediment (sequence) called Paleocene-3 (Pa-3) on the New Jersey Shelf [Liu et al., 1997; Miller et al., 1998a] and named Thanetian-5 (Tht-5) in the North Sea [Hardenbol, 1994; Powell et al., 1996; Bujak and Brinkhuis, 1998; Payne et al., 2005] . [44] Further evidence supporting a eustatic rise across the PETM comes from microfossil studies at several other locations. In continental margin sections in California, United States, a decrease in grain size across the onset of the PETM is consistent with sea level rise [John et al., 2008] . In northern Egypt, ostracode assemblages show increased abundances of upper bathyal and outer neritic taxa from the upper Paleocene to lower Eocene consistent with a $20 m rise in sea level [Speijer and Morsi, 2002] (Figure 9 ). In other Tethyan margin sequences, benthic foraminifer assemblages and lithological evidence also indicate transgression during the PETM [Speijer and Schmitz, 1998; Speijer and Wagner, 2002; Gavrilov et al., 2003] . Uppermost Paleocene sediments in the Sokolovsky Quarry section in the Turgay Strait, Kazakhstan, contain abundant Areoligera, with one exception, the PETM (identified on the basis of A. augustum), which contains the highest abundances of offshore dinocysts consistent with transgression [Iakovleva et al., 2001] (Figure 9 ). This interpretation is supported by the influx of open marine diatoms during the PETM, while uppermost Paleocene assemblages were dominated by shallow water taxa [Radionova et al., 2001; Oreshkina and Oberhänsli, 2003] .
[45] Some authors have suggested a drop in sea level across the PETM on the basis of increased sedimentation rates in sequences in northern Spain, which were interpreted to reflect enhanced hinterland erosion due to an increase in topographic relief resulting from regression [Schmitz and Pujalte, 2003] . More recent studies, however, have attributed increased erosion rates in this basin to an intensification of seasonal precipitation during the PETM [Schmitz and Pujalte, 2007] . On the basis of a recent revision of the stratigraphy of the sediments, regression was redated as latest Paleocene, followed by transgression during the PETM [Pujalte and Schmitz, 2006] . Regression close to the PETM interval has also been recorded in the Norwegian-Greenland Sea and northern North Sea, which has been explained by tectonic-forced uplift, related to the North Atlantic igneous province [e.g., Maclennan and Jones, 2006] .
Other Eustatic Fluctuations During the Latest Paleocene and Early Eocene
[46] The compiled records also reveal distinct sea level fluctuations prior to and after the PETM. One or more of the highs might be associated with other hyperthermals, particularly ETM2 or the so-called X-event.
Latest Paleocene
[47] At Bass River, we tentatively identified an interval of maximum flooding during Chron C25n ca. 57.2À56.5 Ma (Figure 3 ). This likely corresponds to a highstand sequence found across New Jersey and referred to as pa-2 [Liu et al., 1997] . This sequence, in turn, may correlate with highstand sequences in the North Sea (Thanetian 4) [Powell et al., 1996] and the Turgay Strait [Iakovleva et al., 2001] , although the chronostratigraphy in these regions remain poorly constrained [Powell et al., 1996; Bujak and Brinkhuis, 1998; Payne et al., 2005] (Figure 9 ). Nevertheless, this transgression appears to have been global in nature, thus representing a eustatic rise.
Early Eocene Hyperthermals
[48] At the neritic sites of New Jersey, the North Sea and the Turgay Strait, the upper part of the PETM is truncated in a sequence boundary, marking a post-PETM regression (Figure 9 ). Sediments overlying this sequence boundary fall within the uppermost part of Chron C24r or lowermost C24n ($53 Ma), indicating a 1.5-2 Ma hiatus between the PETM and the overlying unit. In New Jersey, these sediments mark the next transgression and compose sequence E1 [Browning et al., 1996; Miller et al., 1998a] (Figure 9 ). Correlation to sequences from the UK margin is complicated, but it should correspond to either Ypresian-2 (Ypr-2), or the classic London Clay Transgression sequence Ypr-3 [Powell et al., 1996; Bujak and Brinkhuis, 1998; Miller et al., 2005b; Payne et al., 2005] . Although the timing of this MFS is not well constrained, it may correspond to ETM2 or the X-event, given the high abundances of Apectodinium spp. and a small negative carbon isotope excursion in the Woensdrecht section at that level ( Figure 5 ).
Mechanisms of Eustatic Variation 5.5.1. Glacioeustacy
[49] Discussion exists on whether the late Paleocene and early Eocene greenhouse world had continental ice sheets of a size that would be significant for glacioeustasy [e.g., Zachos et al., 2001; DeConto and Pollard, 2003; Miller et al., 2005b] . Using a coupled climate and ice sheet model, DeConto and Pollard [2003] assess the sensitivity of Antarctic ice sheets in the Eocene to varying atmospheric CO 2 concentrations. They conclude that ice sheets with mass sufficient to drive 10 m of sea level change could have existed in alpine Antarctic regions during the latest Paleocene-earliest Eocene under certain orbital configuration. This scale of glacioeustacy, which is consistent with inferences based on observations [Miller et al., 2005b] , might have been (partly) sufficient to drive the recorded sea level cycles.
[50] The potential contribution to sea level change from these ice sheets would have been dependent on the orbital parameters, particularly obliquity, which through sea level Figure 9 . Compilation of latest Paleocene and earliest Eocene sequence stratigraphies. An age of 55.5 Ma is assumed for the onset of the PETM, and subsequently the ages of magnetochron reversals associated with C25n and the onset of C24n.3n were calculated using the durations of Westerhold et al. [2007] . Durations of Chrons C24n.3n, C24n.2n, and C24n.1n are from Ogg and Smith [2004] . Question marks indicate sequences of which precise dating is uncertain, and gray crosses indicate hiatuses. Study 1, this study; study 2 after Powell et al. [1996] and Bujak and Brinkhuis [1998] ; study 3, after Payne et al. [2005] ; study 4, after Iakovleva et al. [2001] ; study 5, after John et al. [2008] ; study 6, after Speijer and Morsi [2002] ; and study 7, after Crouch and Brinkhuis [2005] . LST (2) , Lowstand Systems Tract Type 2.
should be expressed globally [DeConto and Pollard, 2003] . Obliquity related cycles, however, are either relatively weak (compared to precession) or absent in upper Paleocene and lower Eocene marine records [e.g., Röhl et al., 2003; Lourens et al., 2005; Westerhold et al., 2007; Sluijs et al., 2008] , questioning the existence of the hypothesized ice sheets and their contribution to sea level changes.
Steric Effect
[51] For the long-term late Paleocene-early Eocene warming trend, and particularly for the PETM and other hyperthermals, another mechanism of sea level rise is thermal expansion of ocean water. The temperature-density relationship of seawater (1.9 Â 10 À2 %volume/°C) requires a 3 -5 m rise in sea level from the $5°C ocean warming recorded during the PETM [Kennett and Stott, 1991; Zachos et al., 1993; Thomas and Shackleton, 1996; Thomas et al., 2002; Zachos et al., 2003; Tripati and Elderfield, 2005; Sluijs et al., 2006; Zachos et al., 2006] . Our most expanded records from New Jersey indeed show a reasonable correlation between sea level rise and local PETM surface warming (likely synchronous with deep ocean warming on timescales of 1 or a few thousand years) (Figures 3 and 4) . However, although locally at Bass River the onset of SST rise appears to coincide roughly with sea level rise, the sea level rise started prior to PETM-related global warming. This trend could have been influenced by regional factors such as variations in sediment supply but if global, the early onset of eustatic rise implies contribution from another mechanism.
Tectonic/Volcanic Forcing
[52] The establishment of the North Atlantic Igneous Province (NAIP) produced large amounts of young crust, increased the length of the midocean ridge and probably elevated the ocean floor [Roberts et al., 1984; White and McKenzie, 1989; Eldholm and Grue, 1994; Saunders et al., 1997; Holbrook et al., 2001] and may have contributed to sea level rise. The NAIP was not included in the recent reconstruction of ocean basin volume by Müller et al. [2008] , indicating that the estimated volume for this time interval could be too high, resulting in underestimates of sea level. Some of the NAIP volcanism was submarine, judging from the occurrence of marine dinocysts in sediments that locally alternate with the basalts [e.g., Boulter and Manum, 1989] , and may have affected sea level on million-year scale by decreasing the ocean basin volume. Along with uncertainties in the long-term subsidence history of the New Jersey margin due to the previously neglected influence of the subducting Farralon slab [Müller et al., 2008] , this may explain part of the large discrepancy between the Kominz et al. [2008] backstripping estimates and the record of Müller et al. [2008] . Part of the NAIP volcanism was subaerial, thereby injecting CO 2 into the atmosphere that perhaps caused long-term ocean warming of several degrees (Figure 1 ) [Thomas and Bralower, 2005] , and associated thermal expansion of the ocean by several meters.
[53] Rapid submarine uplift during the establishment of the NAIP close to the PETM [Maclennan and Jones, 2006] could have decreased the volume of the ocean basins on somewhat shorter timescales. Such processes may increase sea level by up to 5 m [Müller et al., 2008] and could have contributed to eustatic rise during the PETM if they were coeval [Storey et al., 2007] .
Summary
[54] Despite recent progress, reconstruction of late Paleocene-early Eocene spreading rates and ocean basin volume is as yet insufficient to reconstruct its effect on long-term late Paleocene-early Eocene sea level, since the NAIP is not yet incorporated in the calculations [Müller et al., 2008] . The mismatch (Figure 1 ) in absolute sea level of up to 70 m between estimates derived from backstripping [Kominz et al., 2008] and basin volume [Müller et al., 2008] could, partly, be attributed to reduced ocean basin volume. Alternatively, long-term subsidence of New Jersey is still underestimated [Müller et al., 2008] . If the Kominz et al. [2008] record is correct, the mismatch between peak temperatures and peak sea level (Figure 1) suggests that long-term ocean warming [Zachos et al., 2001] and associated steric effects was not a dominant factor in determining long-term sea level sea level. Rather, it would imply that long-term ocean volume was not constant through this interval.
[55] On shorter timescales, such as the PETM, uncertainties related to New Jersey subsidence on tectonic timescales should not have influence the sea level interpretations. Uplift of oceanic crust during the establishment of the NAIP may have contributed several meters of sea level rise. If variations in ice volume drove the recorded sea level variations and if the ice volume estimates of DeConto and Pollard [2003] and Miller et al. [2005b] are correct, thirdorder sea level changes during the late Paleocene and the early Eocene, including the one at the PETM, were less than $20 m, and likely less than 10 m. In addition to ice volume influences, thermal expansion must have contributed up to 5 m to eustacy. The above mechanisms would conspire to raise global sea level by up to 20-30 m at the time of the PETM. If the MFS we locally recognize within Chron C25n will appear to be global, this was likely tectonically forced because no evidence for rapid global warming has, as yet, been documented for this time period. In our most expanded records of the onset of the PETM in New Jersey the rise in sea level preceded the onset of warming (Figures 3 and 4) . This suggests that early sea level rise was forced by tectonism, followed by steric effects and potential ice sheet melting during the PETM warming, to contribute to the globally recognized MFS during the PETM (Figure 9 ).
Implications for Triggering Hyperthermal Events
[56] The source of 13 C-depleted carbon at the initiation of the PETM remains an outstanding problem. To date, several mechanisms have been proposed (see overview in the paper by Sluijs et al. [2007a] ). Two require a drop in sea level over extensive regions. In theory, a major sea level fall could have released large amounts of microbially derived methane stored in pore waters of sediments on the shelf or slope [Schmitz et al., 2004] . Our results show eustatic rise during the PETM, refuting the hypothesis that sea level lowering caused methane injection.
[57] Second, isolation of large epicontinental seaways, followed by desiccation and oxidation of organic matter, might also have added large amounts of CO 2 to the atmosphere during the PETM [Higgins and Schrag, 2006] . The primary epicontinental sea underlying this hypothesis is located in Eurasia, representing the Turgay Strait, Southeastern Europe and South Asia. However, desiccation of this area is inconsistent with the recorded sea level rise. Indeed, expanded marine deposits that record transgression have been documented from the PETM of these regions [Iakovleva et al., 2001; Radionova et al., 2001; Crouch et al., 2003a; Oreshkina and Oberhänsli, 2003; Akhmetiev and Beniamovski, 2004] (Figure 9 ).
Conclusions
[58] Palynological, lithological and organic biomarker records show that widely separated sections from the Arctic Ocean, New Jersey Shelf, Western United States, North Sea, Russia, the southern Tethyan margin and New Zealand became located further from the coast during the PETM. At several of these sites, this transgression occurred despite increasing sediment supply from the continents, which would normally cause relative sea level fall because of basin fill. Collectively, the evidence points to eustatic rise. The sites from New Jersey indicate that significant sea level rise began 20 -200 ka before the CIE, while an MFS is identified within the PETM on a global scale. Hypotheses for the cause of the PETM that require a sea level drop can therefore be refuted. The records from New Jersey, North Sea and epicontinental Russia suggest that sea level rose again during Chron C24n. This phase is close to the onset of the EECO, ETM2 ($53.5 Ma) and the X-event ($52 Ma), suggesting a relation between phases of extreme global warmth and sea level change.
[59] Several meters of transgression during the PETM and potentially the other hyperthermals can be attributed to thermal expansion of seawater as a result of ocean warming. If small ice sheets persisted on Antarctica during the late Paleocene and early Eocene, these would have likely melted during the hyperthermals, potentially contributing an additional 10m to sea level rise. Interestingly, the onset of sea level rise appears, at least regionally to have preceded the PETM. Hence, perhaps tectonic uplift of ocean floors in the North Atlantic Igneous Province contributed to sea level rise.
